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AERONAUTICAL SYMI3OLS.

1. FI_t_DAMENTAL AND DERIVED UNITS.

i

I

/

Length...
Time .....
Force ....

Metric. English.

Symbol.

Unit. Symbol. UrAt. Symbol.

l
t

motor .....................
second ....................
weight, of one kilogram .....

In,

see.
kg.

foot (or mile) .........
eecond (or h_ur) .......
weight of one pound ....

ft. (or w.i.).
see.(orhr,).
lb.

Power... P kg.m/sec ......................
Sp ed.............. m/ o¢............ hor. o o,vor..............mi/l_r ................... M. P. If.

Weight, W= m:z.

Standard acceleration of gravity,
g = 0.S06m/sec? = 32.172 ft/scc2

IV
Mass, m=--

g
Density (mass per unit volume), p
Standard density of dry air, 0.12-t7 (kg.-m.-

see.) at 15.6°C. and 760 ram. =0.00237 (lb.-
ft.-see.)

2. GENERAL SYMBOLS, ETC.

Specific wcight, of "standard" air, 1.223 kg/,'n, z
_- 0.07635 lb/ft. *

Momcnt of inc:'tia, roT:-_ (indlcato axi: of the

radius of gyration, 76 by proper sub_crlpg.
Area, S; wing area, Sw, ctc.
Gap, G

Span, _; chord length, c.
Aspect ratio = b/c
Distance fl'om c. g. to _,Icvator ]dnge,f.

Coeflicicnt of visco_ityN_:, _

3. AERODYNAMICAL SYMI]OI,g.

True airspeed, V

Dynamic (or impact) pressure, q='2 p

L
Lift, L; absolute coeiIicient_ CL=_:_

$_

Drag, D; absolute coefficient C,;_, D-

Cross-wind force, C; al)solut,o eocfliclent
C

Resultant force, R
(Note that thcsn coefficients are twice

largo as the old cocfllcients L¢, De.)

_s

Dihedral angle, */

nolds Numbcr=p--v t, where l is ,: linear di-P.e)
r"

m.ension.
e. g., for a model airfoil 3 in. chord, 100 a:'ifhr.,

normal prcssure,0°C: 255,000 and at 15.t _C,
230,000 ;

or for a mo,lcl of I0 cm. chord, 40 m/see.,

cerrc_pondiug r;umbers aro 299,000 and
270,000.

Ccntcr of pressure ¢ocmcicnt (ratio of distanco
of C. P. from leading edge to chord length),
v,.

Angle of setting of wings (relative to thrust Angle of stabilizer setting with reference to
line), i,, lowcr wing. (it--/,) =;7

Angle of stabilizer setting with reference to Angle of attack, a
thrust li=c it Angle of dowwwasl,,

Precedingpageblank

¢



REPORT No, 184.

TIlE AERODYNAMIC FORCLS ON AIRSIIIP HULLS.

By ,Max ,',l..Xl_.,,-_,

SUMMAR'i.

This report describes the new method for making eomputati,m_ ire connection _:'ith tile

study of rigid airships, which w_s used in the investigation of Navy's ZR-I by the special

subeommit, tce ,)f the Yati(>m_] ._,(Ivisory Commil, tee for Aeronautics appa_-tcd for thi._ purpose.

It presents the general the,)ry of (,lle Mz' forces on aiship hulls of (he t.l_e mentiom, d, and a:i

attempt has been made it) (levelop the results from the very fundamcntc;_ o.r mceh_nie_, will:-

out reference to some of lh(, )node)')i highly developed concepti()ns, _Gich may )),,t yet be

thoroughly know)) (() a re'uler uninitiated into modern nez'odynmnics, nat which m_y perhaps

for all times :'em_in restrie(.ed I,o a small nuniber of sp(:einlists.

I. GENERAl, I)ROPERTIES OF AERODYNAMIC FLOWS
|

1. Th(, studonl ,.)f the motion of solids in air will find advantage h fitst neglecting the

viscosity )rod compressibility of the latter. The influence of these tw., properties of air arc
better stu,lied ))fter the stmlont has become thoroughly familiar with tee simplified pr._t>lem.

The results are then t,() be e()rreeted and modified; but in most cases the;x remain sut,._tantially

v,llid.

Accordingly I l)ezin with the di._eussion of the _eneral properties of aerodynamic flows

produced by the motion of one or more solid hudies within a perfect C".fid otherwise at rest.

In order to be ahle to apply the genera| laws of mechanics to fluid motim I.suppose th,., air to

be divided into partiele,_ so small that the differences of velocity at diffe_dlt points of one par-

ticle can he neglected. This is always possible, as sudden ehanges of velocity do not nceur
in actual flows nor in the kiml of llows dealt with at present. The term "flow" denotes the

entire distribution of velc, eity in erich case.
With aCl'odynamie th)v,'_ external volume forces (that is, farces uniM'mly distrihutcd o_er

the. volume) do m,t occur'. The only farce of this character which could t,e supposed to influ-

ence the flow is gravity. 11 is neutralized by the decrease of prcs,.ure _:i:h increasing altitude,

_n,I both gravity and pressure decrease c,qn 1,e omitted without iT_ju_y to the. rcsnl,... This
does not n'efor 1o aerostatic forces sueli ns t l_e buoyancy of an airship, b_;t. the ael'ost_tio forces

are not a subject of this paper.

The only f()rce satin V O)l a particle is therefore the resultant, of th, f,_r_.es ex_,rted by the

)i, li_cent partMes. .ks the, fluid is supposed t, be nortviscous, it Ca:l n:)t )l'an<f(,r tez_._i-ns

or fr)rces other than at ri,..,ht )ingles to the surface through whicb, the tl'at_-.fer tak(.-; place. 'l't,e

c',asideratio:i ,,f th(' o(Lnilil)rium _)f a small tetr)dxedv,m sh()ws, then, th,t llXe only kin,t r,f t(,nsi(,.n

possihlo in a perfect Ilui,l i_ a pre.<suve of equal magnitu(le in n!l dirrc, tions ._t the p,)int <:,msi,lere(l.

In general this pros,uro is a steady fmwlion nf the time I and ()f _[,, three c( or lib:ares of

the space, say 4", Y, and z, tit ):ight angles to eaclL otl_el'. Consider now t, very smtdl cube with

the e, lges dx, dq and dz. The mean px'essltre acting t)n the face ,Ill dz )uIv he 1). Th,, me,m

pl',,-.:-;lll'(, ()TI t}xe ,)pl),,site fat,' is th('n p " Op.'O.rdx. The N-colnp,)nent (1! the l'e._ult_tlt{ v(_lulo.e

fo_,, is )]w dill'crone(, <fl"flu,so two lllettll pre,,sure._:) multiplied b5" the ,_'_,;_ of the f_wo._ ',@;:,
5
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_l',l rh,,nce. il is
--Oj. . ihl. ,tz. ]:'or unil volume it is -_, as tilt, vd;ume ,d" the cuhr is dx, d_. <i...',

It. can lu, sh.u'u in t,ho same wqv that. Ill, ,,thc," two comp-nentx,f thc f, rce per unit. volume

art -81' and _. Such :l rel._li<m as existing" hclu-ern the pn,._slz:e distribution and the f.:,rcc- b!l - '"

pr.dui'rd by il is grner'll]v descriDed as lho force bring tho "_';idienl " oI" lhe pre>'.sure, or

rather tlle nc_+ltive gnldient. ._.nyslendy di,_t,'il,u/i,m of pressurehns a =radirnt. at o._r.b p,ir_t,

but. it" a distrib,,ti,,n .i" force., t-,' of _,tll,u" vectors) is given, it, is _-t. alu'ays possible to asst,1,

a quantity such ih,t thc f()re(,s are it.,; gradient.

We dl:nt,tc the (lc,l.-il.v ,,f air 1)y n: that is, the nt:_ss per ttnit vq)itmt(,, a.-_.umt,d t,) 1)c t',,n-

staut, dr re;iv dem,l,, ihc small v,,lmn,, of ;i pavtieh, t,f .dr. Tht, m;_:s ,,f thi: p,rllch, i_ thou

pdr. The t'<,nlli,,ilont>. ,if" tile v,,h,.ity I" ,ff till-; littrticle p'u'allel t,+ .r,y, lind z may lie den,,ted

19

by it, 1', ,<lnd It. I+]llch tiitrtl,.'it ' hil-_ thlen tin, kiiil,lic" cnei'_3" d]'-= _, d_-(.-'-bc2-F Pc") itnt[ lhe

v+,inliili'leiil tll" nit,lnenlllnl, siiv in the .\2 directi<,n, is ndl"n. The kin++tj<, tqiel'7.v i,[ the <,nlh'c
flow is the inlogili[ id' thai ,if ;ill particlcs.

T= 19_" (,2 + +,: , u:)dr (1)
_1 "7" - ............................J

Siniilarl._, the <.,,l,ilp,,nent <if Illl,lll_.'nlllni in the A'-dirrction is t.he'iulegral

pf,ldr .................................... (2)

and t,w,,_imilar equati_,n>givr the c.mp-nents fi."the t_w..thcr,[irecti_nr-.The_e integr_As

will hltel" be trlln-:fi,rmed t,, nlakr t.l'lrnl lit for il('.tual ct,n_put+ition of tile energy i/rid the
liionl el'll tim.

Ii is st>nlt, liine._, iiseful I_ consider very largo forrt, s, lll'_.-;:l!/'es, ,>i" vllhlnit, ftd('cs actil³i 7

durii'l 7 Ii time t'h'nlcnt dt ..;_, Ihat their I)i'lldut't. ],iy this lilii(' ehitiOll{ lie,'<,l,le.., finite. Such

a_.tit>ll+-, lifo calh,,[ "ilupiil>ive." ._[iiltillliel[ by the tinie eh.n,ienl tiler ill'O eillled inllllllsos: ,_r
tlensit.y ,,t' inlllul,_e liOi • unil lirCil or tlnit, vohirno iI,-. tho eli.,.;(,lililV l'r_

2. i\l'h,r thesr 7Ollel'/ll d0iini{ion: illld exI)ilinlltitnl. % I pr<,er_d tl, cstahli...h ll+e etluntit,I:_S:

whichl _liVOFli till ilel'_ld.viilliilic llmv. Due t_ the a.-..w,ulTled t'lill._|iliL densit.v, wc llavo lhe w011-
kno'tvn equillitln <if"olntinuiLy.

b, + br bit,

We luvn no,v,- I_ the fncl lhat l'_,t" aerodvmmli_" prol)h,nls th+ (l_r.v o_tn bo n_>umed t_ hlo

produvcd 1,_ the iu.tit,n t,f bt><lie: in ajr original] 3 3I rest. As cx:ll.int,d ;lb<,vc, tlw only r<,l-ce

per ni;il vtlluin/, a('t.jn_ _lii ent'll pi,irtich, is the {.fri,idient of" Ihr lve<...urc. Now, tMs gl'3di.nt

¢lin I,nlv lie I'orliled ;ilid eXlll'r._scd if the lll'e:¢,uro i_ _ivon il,_ ;i fun<;i_,n _,f the sl)il('O e+.wdinate:

.r, .I/, IXlid Z. 'l'hc laws -f ill('<'tlllllit"4, <til the tither ]lillid, deal ",rill _,ne [l: r{ic liltr pilrticl !. l<nd

lids doo- nol. sl.iln(] "d.il! ]lut 0h;in_t->, its _ll;_co c<.u'dinale: _onlinn;ill\'. in lii'dc.i' to fiv<,i,i

dillh'ullie. 'c rli'i._in.ff [herel'run'i. it i,_ ('on_:oni0itt ih'st 1._ c_m.:idcr ill+ fh>u- dUl'in_ li very sh_,i't

time inlorval ,1;' _,nl.v, dUl'irig wllic],i l.ho ,?hangos of the >l)il(:'c c(>llll[J/+lit_t,s, id" thr llnrlich.,: Cllll lit;

neffh,vle<[ :Isall v<,h>cilie_ riP(' Iillilt'. The f, lrres i:iid pl't, sSlll'e-;, [,,,,veve.l'. are .:npi),,:od t<, b.

inliml>:j,,-,, h >_l thtat dlli'irig_, l,lir short int.orviil (inil.r vllanTes ill v,!i,<.ii_ tlll.:.e llhleo. _nlll..,..e
Iii'sl Ilie ituld niid the' l><,dic,, ilnnlersed lhel'ein t,, lit ill i'esl, l)li:ii,ig the ('l'l.;lli_,n ,if' _,i,.,+e tl.w

lhr ilen..ilv tlf iiiti'till..41, lit, t-Ilnil al'Oa hilly be Y, i. _., I'=fr<l#. Thv llrincipies of rilot'hllnio:

,_ive IIn,i,i

bl'
lip = --



TIIE AEROI)YNA.MTI' FOJU',I,L5 ON AIR.qlIIP HIITA,S.

an(I :,imilarly in the t w. (,)her (tireetions

............................... (.t)

/
llcnce th'e veh,city t.hus crent(,d is the _radient (if i-';S)' At this state t)[ i,_vestigation

t|m
I

P
valueof-is not vet, known. But. theiml)_,rtant result ix that thelh,w thus enmted is of the

p

type h_lving a dist,'ihution ,f vcl_,(.ity which is ._ gratli(,nt of s,.,me qunntit.y, c311ed tile v(,h)city
Imtenti)d 4_. ¢, is tlm impulse density which would stop .the [h)w, divided by tohc density p.

According to (,1)

r'hi/ ''=6z ............................ (5)
from whM_ follows

A scc',m,l dilrerentia_ion ,,f (5) gives

4'= f (,d.r +vdy + _r(tz) ......................... (6)

ere................................. <7)
8"q,

-:into boll) are equal It, cS_b_.l" The substitution of (5) intv the equaLi<,n ,if continuity (3) gives

b:4' 5_"I_ b _'4'

-)-6.,;, &;- = o ..............................
It

(Ltq)lnee's cqunti()n), wlneh is t l,e d(.sired (.qu,ti,m for the l).tenti,_l ¢,. The ._u:u t,f any

,_,,lutions ,,f (st i,_ _, s,,lution (,f IS) agttirl. Its trill ettsiiv he seen. This is (.tl)livalent t.,) th(, super-

I)t).dtion of ff,,ws: tam sum ,,f tire l),)tcntiaI, t)f taw impulsive pressures, ,,r _)f tile ve_t,chy c_m>

l),,nents <,f .-evoral l)<,t(,ntial lh)ws give ,t p,,tential flow again.

All this refers (,rigin.lly to the, e.se only tlmt the lh,w is cl'ettted t)y ,.)12oimpulsive 1)re.ssure

from rest. But every continuous and changing pressure can be replaced by inliltitely many

sm.dl impulsive pressures, and the resultant flow is tam superpositi,m t)f the flows created by

each impulsive pressure. And us the supe.rpositi(>n or potential llows gives a potential [low

again, it is thus dem,mslrated thai all aerodynnmic flows are p(ttenti,d flows.
It. can hu'th(.'r lie sh,)wn that, for euch m(,li(m (if the he,lies immer:_ed in the fluid, t[uq'o

exists only ,he 1)otcntia] /low. l:m" the intcg!'nl ((}) app)ietl to a slro,m line (that is, a line
always parallel h) the velocity) has always the same sign of the integranl, and henee ('an m,t

become zert). ]lence a str('am line can not. }le ch)se(l, as othe.rwise the integral (t;) would ;.ivc

two different i)()tenlinls f()r tim same p()int, or ditrcr(,nt impulsive prt,ssm'es, wliich is not 1)o:;-

sible. On the t'(,ntrary, ea('h stream line begins and ends at. the surface t)f one of the immers,,d

hi,dies. Now suppose that two potential tlows t'xist fro" one moti,,n of the he(lies. Then

reverse one , f them 1)y ('hanging lh(, sign ,,f the potential an(l sul>('rl)oSe il, on tim idher. The

resulting fh,w is chnra(rl(n'ized lly all lmdies being at rest. [.,{tit l[lell no stre;tlrl lille Call /It'%ill

tit their surf:we, and tt,,n(.e tim [h)w has no stream, lines tit all altd the two originttl il<,ws ure
demonstrate,] It) 1)(, identical.

1( r,,'lnnilts 1o eolnl)ul(, llu, l)ressllr( , ai. each pt)illl t)f., Ot)t('nti:d Ih)w. "l'hv _lcveh,rnli()n

(,f each imrti('h, is e,lual to the m,gativc gradient, of the pressure, ,livided l)y tll,, (l,')tsity ,,f

1}10 llui(I. The pressure is lhen,h,re to be (,xpresse(l as a hm('ti,m ,>f tJ)e ,-_pn('e c,)4,rdim)l(,s,

and so is t,he acceleration (If it parlicl(;. Each comptment of the _wc_.h, rali(,n, s_ly di" ires to

_))¢
bt' expressed 1)y the h)cal rate uf chttllgt2, of the velocity component at . certain pt)itlt -_,_ alld



by the veh)cily c_,jnP(,m, ni:,n,l th,.i:l,,mll d(,riv_tix'e:_ lhe'n>dve_. Thin is ,h,ac by the equa-
tion

d, t.),- /.)" _" b,
ilt = bt _ v b.r-i )'b;t:- _'b .......................... (9)

• .7

For durin_ th(, unit (,f lil_l(_ lt,_, t)_lrli('le vh)m.k, es its c()()rdim, t,,s hv ,, ),. _md ,i,. r(,_pectively,

nnd therrf()r_, r('a('hes _t rrgir)n wh(,re the ';,h>cil.y is larger by 'u_._, etc. increase (If

velocity has t() I)e ,d(led to th(' rate ,)f chang(, per unit time (,'l"the veloeily at one l)artirtdnr

p(.)ini.

The gem'ral l)rin,'il)les of me('hani('s. )_pl)lied to a par(.ich, .f unit vMume, give thereforr

b,I b, 1
d,, _1,, u._: vb_-, ,v6-; Ofdt = _t '_ -: =- .. , -;_/ ...... : ....... , .......... (_t))

Nul)stitut, ing (,gu)tti(m (7) in tlm h_st e(luntion , we have

<)"l ',,_._'_)t_. _Ou., l O_L) (11)5?: + vb-; -_u, b.r = - },-b.r ........................

[ntegr_tti_g l.his with t:esl)e(!t Lo da' gives

(_'1) P (')t _ + V _' .... 1) " ( [ 2)Pbi +2 + ':) l
P

The equnti(,n:; f(,r the two other romp,,nents ()f the acvelerntior_ "win)l(1 give the s)_me equ, t},,a.

lIcn(.e it appear.< tha_ the pres..<tn'e ('_m l)e divided into lw,) l>_rts sut)erpo.-ed. "!'he first t)_r_.,
bl,.

-t)_/._s tiu, part ()f lhe in'essm'e lmihling up ¢)r chnnging the l:_tential flow. It, is zero i_' tl_o

lh)w is steady; rind, is, if
b+
0-_=o ................................... (_:3)

Thr second part:

_ 1.'_p

!f the l)ros>uro m,erssnry t() mainlain ,nd keep u I) t.he steady potrnti_d fl()w. It depends only

()n the vel,)citv _md th, n._itv of the ilui(I. 'l'ho greater the vt'hcitr thi, smalhn" tt',e pres_ _re.

It is s.metim(,.,< ,alh,d B(,rnottilli's i)roxsu're. This i>ressurr :,.ct,s I?erm':hcntly without chan;:ini:.
the Ih,w, nml h(,nce with()ut than,,m_ its kinetir ('nergr. It tMh)ws tt_eref(,re tlmt tilt: Bof

m)uilli's pressure (14) n('ting nn the surface of a lnoving 1),)([_ cu_). not pt, rfornt or tonsure(:

any m(,rh:mi<'al w()rk. Ih'nce in lhc _':_sc ()f the straigh) m()ti,n of a hody the component of
rcsull.nt fm'ce 1)arall-I 1,) the moli(>a is zero.

3. ,":,ome iml),)rlant f(,rmulas ft,ll,n_ from the <'reati_)n (,f thr !'h)w by the imlmlsivc pres.,.ur...

--,Pp. l will a._sum(, t)n(, l)o(Iv ,,nly, th(,ugh this is not ahs(,lut.,Ir nece._snry f,)r a part of lhc
resuhs. Th(: di.-:tribuli,))t .f this in).fulsive [)r_:ssurc ov(,r (he .,m'fa('e of tlm l)¢,dies or bo,!v i,.

(-hr, rael(,rized I)y a rcsuhanl imp,dsh'c hq',e and a result:m( ij,_q)ul:ive m(,ment.. .ks fut'th(,r

('}laraclerislic (hm'e is tlm mttchani('al work porf()rm_,d l)y th(, !inl)ulsiv,, press,m, _[m'in_: tl_,,

m'eati,)n ()f the flow, )_})sarl)ed l) 5" th(' air and coutained aftenvar,i9 in the II,w as kinetic ent.r,,.,y
(,f nil I),,rlMes.

II hal)pen.,. >;(,l)lefi.)ll('s that tho m,unenitun imparted I_) (h:, II,:,v armm,I a h,,ly m,:ving
tn_nslatorv is par,rib'[ to the Jrmli,)l_ ()f the t)odv. Sitwe _his m,,_u.ntum is [)rot)()rti,,nnl t,) lhe

veh>city, the ,4feet of the air (,n the m,)ti(m ()f th(. body in this (lir,,(.tion is then _aken care ()f 'by
imparting b) the 1)()¢1)" an apl)aren_ ad(litimml m_ss If the vel,)dty i: n()t ae('uh'ra)(.(t, m) force

is noce_;s::r: t,> maintr_in thv m,,ti,n. "l'hr h()dv (,xl)crion(.(.s n,_ d:',_, whi('h i.', pla_).,:il,h,, ,s e,,

,lissip_(i,)n ,,f ent.rgy is ,.-sumc(I. .\ sin)ihn" thing may hal)pu_ wilh a rot,ring body, wht,re
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then the body seems to possess an apparent additiollttl moment oTm<mtentum. ]Ix general.
however, the moment tun imparted to t[te fluid is n-t parallel to themotion of th'e body, but it

pOSSeSSeS *1 l:l[.('I'a] cd)/tl[Ionolql. The body in gel:oral possesses diffmm_t apparent masses with
respect to motions in diit'erent directions, and that. makes the meehmies of a hody surroumled
by a perfect Iluid difl'erenl from that of one moving in n vacuum.

The kil.etic energy imlmrled to the air is in a simple relation 1o tim m,mentum and the
V

veh)city (,f the 1)ody. l)uring the generation of tile llow the body lus the average velocity 2

V
during tile t,ime ,lt, hence it moves througii the dist_anee 2dt. Thewm'k performed is equal

to the product, of the component of resultant force of the creating pressure in the direction of
motion, nmltiplied by this path, hence it is equal to half the prodmt_ of the velocit.y and t.he
component or t.ha impulsive force in its direction.

' Thc same argument can be used for the impuMve pressm'e acthg over the surface o1"!he
body: Let dn be a linear element LL_right angles to the surface of 'file body drawn outward.
The, velocity at right, angles to the surface is then, -d,I,/dn, and the Fessure -o'I' acts througlx

d,I,/dn .
the distance----_---dr. The work performed all over the surface istJherefore

¢ }/_ dS ............................... 05)

wtdch integral is to be exten@ d over the entire surface of the body coz:'isti:lg of ,all the elemen!s
dS. The cxp,'e_sion under t!_,e integral contains the mass of the dbment of fluid displaced
by the surface element (,f lh4i body per unit of time,each eleme:v, ff mass multiplied l:y the
velocity potential. Th,, Benmnilli pressure does not perform any ,york, as discussed abort:,

and i_ therefore omitted.

The apparent mass of a body moving in a particular direction dclend_ on the density of the
Iluid. It is more convenient therefore to consider a volume of theituid having a mass equr.l

to the apparent mas_ of the body. This volume is

T
K ..................................... 0 6)

and depends only on the dimensions and form of the body.
The kinetic energy of lhe tl,)w relative to a moving body in ar infinite fluid is of course

infinite. It is possible, hmvcver, to consider the diminution of tlw kinetic eneri,.y of the r,h"
moving with eonst:mt veloclty brought about by the t,resence of a b,ly at rest. This diminu-
tion uf energy has two causes. The body disl)]aces fluid, and hez)e, the entire energy of the
fluid is lessened b v the kinetic energy of the displaced fluid. Furtler, tlie velocil.y of the air
in the neiglfi)orhood of the body is diminished on the average. 'flu forces between the 1)ody
and the [Iuid are the same in botl_ eases, whether the air or the body acres. Ilenee this second

dimimit,ion of kinetic energy is equal to the kinetic energy t>f the lira, produced by the movir:g
body in the lluid othelavise at rest.

II. TIlE AERODYNAMIC FOIICI2S ON AIRStllP IISLLS.

,t. An important b,,'an(,h of theoretical aerodynamics deals with moments on bodies m,,v-
ing through the air while producing a polent.ial tlow. Wings prodw, c atlow difrerent from a

potential llow, in the strict, meaning of the word. The wings haw therefore to l,e excluded
front the following discussion.

Consider lit'st bodies m(,ving slr:_ight and with constant veloeilg V tllr,mgh air ext,:mling
in. all direeli,,ns t,) inlinitv. Tl',ere can not then be a drag, as th,.'l.inetic energy of tit;' flow

remains COllelallt alia no dissipation of energy is supposed to lake iplaee. Nor van tl)ere t,. t,
67 tsd--24----2
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lifl. in CtlllfOl'1111ilrV with tlle remarks jt,_t, made. ilencc lhe £k, pressmres can at, best produca

a resultant, pure c,*uple _t' foree_ ar re._ult:mt nmment. The,nngnitudc and ,lirecli,m of ,.}',is

moment will depend ,,n the magnitude ,_f the eel.city 1" and m the po.dtion of the hod 5" rda-

tivc t,, the direction ,,f its moti-n. With :L change ¢,f veloci_ all pr,.ssures measured from a.

._uitable stnnd:_rd, change pr,,port.ianaI t¢* the square of the vdtmily, as tollows fr,'ml equnt ,,1

(1,1). Ih, nce the resultant moment is likewise praportitmal t,_ti, r' square of the velt;cily. In

addition it. will depend on.the pc,siLi,m of the hody relative t., the direction of motion. ']'he

study t,f this latter retation is the chief sul@et of this seethm. At each different positiml c_f

the Imdy relative to the motion the llow produced is different, in ;sacral aud s is the m,_menlum

,ff the fhm-, posse._sing different components in the direction of md at right angles I,_ tile dixce-
t.i,n of motion, l_y no means, however, san the relation l>_,_,veen the lnomel_tlm-t and Lhe

direclion of motion be quite arbitrarily prescribed. The lime dee to the straight motion in

any direction can t)e obtained by tilt ._uperposition ,)f three fhxvs produced by the m,_tiot,s irt

three particular directions. That restricts the possibilities eo'adderably. Bug that is not:. all.

the moments san not even arbitrarily be prescribed in thrat directions. I shall preser, tly

show that On,re are additional restrictions based (m the primiple of conservation of energy
gild ll|(_lllell tllln.

Let. there bc a component af the m,,!nentum lateral to fit, motion, equal to l:al), wh,.rt:

a dmmtes the. density of the air. Sines the l,ody is advancing, this lateral component of the

momentum has emltinually t_, be annihilated at its momentary,'msitlon and to be created an,.'w

in its next position, occupied a n}gment later, This process nguires a resultant moment,

M= It'_ TZ'p.................................. (17)

about au ttxis at. right angles to tilt, direction of moti(m and to t;ie monu,ntum. It: other wor&:,

the l,_teral component _,f the momentum multiplied t, 3, the vel,adt.v gives directly the result,,_l

moment. Conversely, if the hody expt,ri_,nces no, resultgmt reorient ,_nd hence is in cquilibriu'n.
the momenlum ,ff lhv air flow must be parallel t,, lhe mot, iot_

Now consider allow relutive to the tmdy with e,onstant vdbcity V except f-r the distur!>

anee,,r tile hotly and let us examine ils (diminution of) kinetb .'nergy. If the body eha:_gc:

its posititm very slowly, so that the flow san still be em>idered ,,- steady, the resultant mome,_t

is not affected by the rotatlon but is lhe same as COl'rc.slmndinb: t,o the momentqry position and

stationary flow. This moment then perh_rms or absm'b_ we, t, during the slow rotation. It

either ieml._ 1,_ accelerate the re, ration, _o that lhe body has 1,,be braked, or it is necessary I,,

exert .g momenl ,m lhe b,nh" in order It, overcome the resultant n,,menl. This work performed
or abs,,rl_cd m:,ke,_ up fro' tlu, ,:hnnge of the kinetic erwr.,.:y _,f lhe tb.v. That gives a fundament,l

relaliem bct.ween the enel"_y and the resullal_l, ntolnen{.

Th,,re :m, as many difl'erenl wMti,ms of lhe lmdy rel,_tivc to its moti,m as a sphere has

radii. '[']!.o kim:.tie ,,ner!_:y of the flow i._ in general different hr all directions, l}le velocity I
_nd d,'nsitv e supp¢,sed t. be c-u.-t_,nt. It has the _=m_e vahu; h_wever, if the m,,tion of lhe

immersed solid is rerer'sed, for then tire entire flow is revcr.s,_,t. 'l'hcrcfore each pair of dirce-

tious differin,_, 1_,,. IS0 ° has the salm, kimqic energy. This ene_;._3" nloreover is ah,.'avs posili','e

and tinile. There mu>t therdor,, l)t: at least one pair ,,f direetims, where it is ._ mio.immn :',t_d

one whore ilia a m:txitmlm..M,wing p:_ralle] t,_ either -f l]_.c,se dr,,..tior, s the h_,dy i:; iu equi!i!,-
rillm tin,.[ experienm.e at, l'eSll[{;lllt 111_II1('II1.. This f, dhm-s from the collsidel'alioll tl-al Itu.n ;,

small elmngo in the direction of mati,,n dee: n-i. give ri._e l,_ a e¢_rreslmn,lh_g ,'h,,ge of lhe

kinoli,: energy: Ihe in,mwnt d,_t's not perh,r,n "_uy w,_rk, and hetwumusl be, zero. The equilibriums,
is slalde if the dilninuti,m ,,f e/ler_3" ,_f lhe enlire Ih,w i'_ :1 maxin_.m_ and uns; ublc if it. is ._ mini-

mum. It ('_n 1,, proved Ihat in a¢hlili,m there must be at le;_gl one other axis _f equilibrim_.

This is the Im.aition "nmllr.d " with respcct I,_ the sl.al,h, ,lir_',:tim :_ml a_l the same time ncutr, I
wit.h respect t,_ tit,, unstable one. I call th,'so direclim_s"mainnx,.s."

[ [..._:,l_"t,e,[I,l di'lllOll'g[l':ll_' l,]l:tl the (]lFt'O t|i:till aXl's t:,f ,ul,itit,,:imn at,, :ilwavs _{, r',, :1. :,n'Z',,',

ta eu,'h ,_lher. Consider firs! t,h,, nl,di.n [mrallet l,_ a plane _h_r,;;_!_ cqu, ,d lhe ma, i_ _x('s :,rM
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only the components ,ff the mon,,ntmn parullel to this plane. The dirt_,tion of motion of the

I.)odv ma_ t)e in,li,'nt('(l l,v ¢]t(' .'mgh.: a in such , w_:v t]mt a:= 0 i:-;one mt(ti(m of equilibrium, _md

hence v,-itJlt)ll{ latez'nl c()m[mn(mt o[" )llO[llell{tl[ll. ']'}to, colnponell| of In)lllt, ll[lllll ill I}te (]ire( .=

lion ()f tile m(,thm may then (tlmt is, witch a=O) 1re K_pI'. Yhen moving _lt, th,;
( ,",tingle of =--30 . the mt,m,ntum m=tv be SVl>p,,._ed to possess the eomI?onents Kapl" parallel

_,nd k_,,I" _tt right Jingles [o i lw m,t.i(m, 'tn,[ we slmll prove at once, thrtl the only momentu]_
is the former.

The kinetic energ.v for any ,[irecti,m a eun be written in the genm'alform

T:: 1" 2_' (/i-1 co.,,' a-t- K.. sin* a 4- If, cos a sin a)

an(] hence the resultant, monlenl, is

, .,[=,l'I'/da= ]':_E(lt'.-- K,) sin 2 a# Ka cos 2,-._] .............. :(18)

This resu!t_lt't moment was suppo._ed I. Ire zor. ut a=O. I-Iem'e K.,=O, and it" folhm's that

a=90 ° is a position of" equilibrium for motions in the phme considered. .ks for other motions.

it. is to Ire noliced that tlre third component of the momentum, at. righ: nngh:s to the piano,

changes ir tlw plane rotates al'otlnd the zLxis of equilibrium. It necesmrily change_; its sign

during a rcv, duti.n, ;lilt[ while &,ing it .l[ is zero. Thus it, is dmnonsmted thnla there _1"(; at,

lenst, two nxes at right angles t,, eaclL ,ther where all ]uternl ,'omponents_,f tim momentmn ara
zero, and he, n_:e the m,,li, m is in ,,quilibrium. And as this ;trgument ]toldsta'u0 for any p,,irof the

three ,lxes of equilil)rium, it is provt;d tlmt the.re are always _xt least t,ht'_e rtxcs of equilil)ri::m

at, right nngles to (inch other.

Resolving the veh)cily 1" ,ff tim body into t}tree, components, ,, _:, ,',purallel to t,hes,: tim.,,;

,nain ,xes, tlu: kinetic, energy mm be expressed

( It',,,' + ,r_',v+ lq,,a)
2

The difrerentiul of the energy

p (I(,_,l,, + K:vdv + K,_cd_v)

is idenii_nlly zero in more thun three p_lirs of positions only if at, lenst t_o of the, K's are eqtm|.
Then it is. zer_ in nn in(inite nun0,er-f directions. _md there are _m inflnit, number of directions

of equilibrium. The In,(ly i_ in ,,qltilibriulf_ in ;all directi,ms (,f motion rely if nil three K's _r,"

o,q.ual; that is. if the apparenl Jm_ss _,f the body is the snmo in all directbns. "l'h+it is a special
ellS(*.

In all _,th(,r easvs tlw body experie_lves n r(,sultanl nmmellt if movingwith l]w vo,lo(_.itv e()m-

lUm(mls _. _,. ,m(I _' I)nrallc[ Io lhe three ln_dn axes. The componen{ nf{,hi._ r(,sultanl illOllit'.llt
is (ltqerl/lint,d ])v the mt,lnenl:_rv ialor, I momentum _lntl its componeuts, as st nted ill eClUUii,m

17.

In most prnc, tical pr, d_h.m,- tile lnt_iion t)_"¢"_ll'sin n main pb, ne; thlttiL ,t right nngles t(,, _t

in;lin nxis. Tlwn the onlire rosultnni ]llOiilen{, ig according to (17) the lroduet of the velocity

nn(l the (:mnp mrmi of m,nnontum Ill riglii angles to it, giving

.I1_ V' 2(K:-. K,) _ia '2 _,....................... (1,_;}

in ge:wnd, tl,e Ihre_, m=dn lu,mwnla of tlte lhm', Inm_llel to ihe reqw'|ive motian, do m,t

pass []n'mtgh am, center, l'r:wtical problems occur ehiHly with b,,di0s _f n.,,_lution. With them

as well ,e_with t,,)die_ with a cenler ,_f ._vn]metry -I lint is. such as have tl_r(.el_hmcs of symmetry--

Ilte relnli,m belwoon the nl(,li,,n and t]w ln_mwnla i_ simph,, ll f, dh,w,-then from symln_.lry

lh,t rhr. b,,(lv t,,_,..so--,,_ an ,,,'_,_lw_amio ,.'olllel" ihl'ml_h w]:ich lhc lltle_ I,II;'till molnent_t pn_.,;.

This monm, tl_nl tl_e b,,dv ,'nn 1.. pul int_ any slrnigh! me!ran l)v _:l,p}?ing a force a| u ,x,,,l
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,'enh, r. Th,' f_wce, howover, i,_ not p,lr:dh,l to t]lo :noii.n (_._'el,( in the m)_in dirt.eli,ins. 'l'lw

eonh,r wlwr,, the force has t. bc ,lpplicd coitwides with the ll(_,.)d'<mm)i,, cent-r, if t.l., C(,l'l{tq' _,f

gravii.v of th(. l)_,(ly (hies st)or if the mass (,f)lw i)()d.v itscl/',,an be, negle('ted c_,nil)ared v:ith
_ir)v (,f lht, tln'ce mnin ).hli!iot):ll m:is,,_e_.

.'tir..-hi l) ].ill,< _n'_, ()fterl boumh'd hv surfa('('s -f n.v,)luii,,)1 In .dditi<,n th(.v ;,re u>u.lly

r.tlwr eh)ugai(,d. :It.l if the er()ss _e('li,)tls _ire n()t exa('tlv round, t:hev _Ire ;it lea_t npl)r()xim_)te)v

of equ.l t)n(l svmm(.t)'ival sll:g)e, ;ind ;n'r_))Iged :d()ug a s(raigi.,; ,,..is. Surfiw(,s _)f rcvolniion
hltvo, I)[ ('Oll/'SP, ('qll;li tl':)ri_,'el'S(, .pp.m,n! ll|:IssP.q: 0)I(']I If'; ll,gx_r_:e axis tit right angles t() tile

axis of revolution is )_ m.dn (lin.cti()n. F.r vorv eh)ngated ,_:u'fac0s _)f r(wolution )t furth(,r

imp, it'll)hi, statement, truly be re.de rog,,rding tlw m.gnil,ud(: of 'lhe h)ngitudin.l _nd tran_ver,.,e

:q)parent ))lass. Wlt<!n moving (ransv(.rscly iiw flow i_ apl)r_).'_na./ely two-(limensi()n_l ;dmk'-."

the grclllest i);irt ()f the length. The apparont additl,)nal ina,_s of a circular ('ylind,?r ""zno_Ing at -

rigllt )Lngles to its a xi.-: will 1)c ._hown to lie oqual to the mass (>f _he displaced fluid. It fo]i.ws

there(tire that, the )q)p;n'e)it Irans','e "so additional maas of .vcly oh)ngalo,I l),,d.v (>f rc:vMuti(in

is appr.xima((,Iv equ.l i- the m.lss of the (lispla_ed fluid, l( i_, _lighlly sm.dh.x', .s m,ar ti_c,

.ends tile fluid ]t.)_ _H)p()rt unily 1() pas._ (,}w |tow and ._i(,rn. For clt_s_ se('tions ()(h(,r titan ('h'eul_r

tho two main :q>l)_W(,nt masses f(dlow in a similar way from tiko apparent mns._ of tl_e cross
section in the (w()-,limensional lh)w.

The h)ngitu(li)i.l :ippar<.nt addili.n.l )nnss.-n (he otlwr lmnl,issmall wllenc(i).pared ",;'itll

ill(, ln;ts._ ()f the disi,l,(',,d fluid, ft ('il/l lie neglected if the i)oa!v i,q very elongated or rim t_t
leitst, lie rale([ ii_ it ._lni_ll ('ori'i,clion. 'l'hi._ f(_lh)ws froln the fl;('l (J.ilit only FlOliY l]lO b(iW llntl lhv

sll._l'il d,)i's tile air hit\(_ veh)('ilios ()f t]w SlililO order of nlllgllil.tiio lls (lie velocity <if ;;lotion.

Along the ship the veh)('il.v ixiit only is Illll(']l .-,nlllller lilll its dir,-lion i._ es_(,nlially opposite to

l he dh'e('iilin (if illl)[il)ll> f()r l]l(, ])()w is (.i)niinualiy di._plliciug fl:_i(l tlud llil_ St. OI'I1 IIIIIt{CS r('ll)lti

free for tile r(,('oiilhin (ff liic :-;iIIlO ([uanlh;," (if thli(1. Ifonto liw _:tlid is ll<_wing fr(,!li the t)()w I_)

t]).13 ."it('i'll, and ;is I)illv a comparalivei.v ._iniill VOllllllO iS di._i)lllcod per unit of thlle url(l tile spa('e

is free in all d rccli()n_ (,) (liMribuh; iiie th)w, the llvl, i'a_t; veh),.ily will 1)e ,<:nail.

It is i)o.-:_ibh: to _tud.v ellis lh)w nil)re ('h)._ely and t.() l)I',)ve _llviicllllv (]n!t t]lc raii() (if tl:(,

apparent lliils5 [o tile (lisl)l,ced lllil,q._ :tpl')rlille]les zero wilh illc_!ll.sitlg elongatioi;. This proof,

howovi;l') roiluires lhe stu(lv ()r knowh, dgo (if quite a lltlillbOf of conceptions and the()reln.% ii!i,el

it SOOlliS ]ulr(lly w,)rili while to }rove the student go t]n'ough a._ this in order to prove such it
plausit)le and trivial fact.

The act u_ll magnitudes of the longitudinal find transverse l,_a,s_¢es Of e,16ngatcd surfnces of

rev(,luli(m can lie stu(lil,(l by moans of ex,tct computatic)n._ nllvle by II. Lamb (r(,fcronce 5_,

wilh elli!>_i)hI.- ,if reviiluti(in.,< of (lifferent rillio (if t,lon_lllhin. _lhe figures (if it, and _('::.whet',"

[t'-:/c x VOllll'iiiL ()l)i_lined hv hiin ilro ('oul aille(I in "l'_t)le I" (if ilfi._ t>_,l)or, and 7{'I - X; i._ ('(tmln:i!',l.

For hodie._ of a .<]ulpo rea.<on;tlilv _imilar to ellipsoid,_ it ('an be nl)proxi/natel.v ;ts<umod t]tlll

(k I -k l) ]ills (lie s illlO vil[llO 115for ;ill ollips<)id ,d tile ,_llllle [ellgt}.l and _,'()hllnO] liIllt, i_, if V,,I!L"
]iil,_ the _.lllilO "cnlu(,.

5. 'I'h(, ileXl. ])ri)l)lem of interest is the l'OStl[tillll ilOYO(iVlliill'lit" fol'('e if lilt, I)odv i"tilillOq with

constant v(,loeiiv lirolln(l ari axis oul._id(; of iis(,lf. Thai i._ now comparalivel.v sin_l)le, as lhc
results (if lit<, 1,_t _e<.'ii )n ('till bo, used. The conl'igurgtion of fl,)w Tollr)ws tile l,o(tv wiill e(m,lant

,_}lal)e. rilagnitud(,, illld hence with constant kine(ic (,nergy. Tit) r(,sultan{ Ilt'r(ldvllllllliC I'Oi'CC',

ilierrfore, lilil_l tlo ._tl(.']l :/_ rle{!hor {o ('on._ulilO llor [o porforni :n0(,h,,inic_ll w<,rk. "1't_i_ l<,_(i:-,

to the concluxion IbM ;tic rosull_lnl force mt',<i pass throllgii lli_ a.xis of.rolat.i(m. ;n gom,r,l

il, llil_ 1)olh ,<leontponl, nl. uf rig]ll lingie._ lind one pnri,1](,l 1o lh(, i)l,,lil)n oi" Ihe cenll,r ()I i]w b_(lv.

I confine the inve_iig_ition io a slirf'ico of r(,vo]ution. ],el till ah'._hip xviih t.tw :_i)pnr,,n[

ril,,l$_e_ ]l.'i/) lllid [l':p and lho nlDi)ili'elil lilotilei_[, ol" inerlin ]l'Q, "for i'ot_tion nl)()lil li I_'iiliSv(,r.-;i,

_xis lhrollgh its ilerodvnanlie center move with the w,lo(,ity 1,' c)fits nerod vni_nlic ('(,lilor ii round

Illl /lXi:_ ill, the distance r frolli its llerodyn.imic COlitor and ioi t;l'.,.;anglo of yaw _, lie iiloa_lli',,d

boLween Iho nxi_ of the .sh[ I) lill(l l]ll' f:lngenl, of the ('ircll]lir t)lit,I' "l{. {ho :iOl.<)d)-li;_tlii(" <,,l_tci..

The silip is lhon r()ia{hIv, wilh the coei,s[anl, angti]:ir velo(qtv It.).. 'l']lo elllile !ii,),'i_)n (:,n I,c

obtained t).')" supcrpositio/i (if l,]le longitudin,il IYiotioi'l V cos g6 ¢.!_ t h(, norodyli.i)rlic Cell(el, _}i("
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tranver:_e \'el_t'ity l':in 4,, ;_ud thr' nngular eel,city I'/r. The longhtMimd component of the
momentum is I'/,. ¢',,s ¢,. Z',. vol. and the tranverse component of themomentmn is I'/, sin ,5.

k.. \'ol. ]h.sides. thereisa moment af momentum due to therotati{m. This can be expressed

by intr,,dm'in_ tire :xpparent re+intent of inertia if',,, =/,",]p where .I is '1he moment of inertia of

the displ:med air; t]tt>; making the nngutnt' m<mwntum

:ks it does not v/range, it d,,c.s not give ri_e to any resultnnt aerodyn'unicforee or moment during

the motion under con:ider.tion.

The m,mwntt, m rem'dn_ coast,at, too, but changes its direction wk_: the angular velocity

V/r. This requires a force passing through the center of turn trod haxing the tranverse eom-

ponent

.nd i the longitudinal emuponent

The tirst term is Mmo...t some kind t,f

P't = K,,, cos _sV'/r ................................ (20)

b'j= K: sin 4, V_/r ................................. (:21)

centrifugal force. Some nit aeeomDnies the ship, ine:'eas-

ing its hmgitudin:,l mass nnd hence its centrifugal force. It will be mtieed that with .ctm_l

airships this additi.uaI ventrifugal force is small, ns 1?1 is small. The force .ttacking ut the

center of the turn can be replaced b5 the same force attacking at t]te terodynamie center ,ml

a moment al'Otlrltt this center of the magnitude.

.1I=_ (Ira- Kt),o sin o4,I:2 ............................. (22)

This moment is equ:tl in dire(,lion and.,nngnitu(h' to the unstable mome,:, found during str,,6ght

motion under the same angle of pitch or yaw. The longitudinal force i_:in practice a negative

drag as the bm_" of the ship is turned t.ward the inside of the dr'de. Itis of no great, pr_;et.ie.d

importance as it does not pl'od.tlee considerable structural stresses.

I1_ .ppe:trs thu_ tltal llte ship when llying in a curve or circle expmii.mees almost the same

resultant moment :,s when flyin:, str;_ight .nd und..,r the s_m_e angle of pitdt or yaw. I proceed to

show, hoe-over, that the transverse aerodynnmie forces producing this rt:bultant moment '_re

distributed differently along |]tl' axis of lhe ship in the b\_'(_ eases.

6. The distributim_ of the trnnsverse aerodynamic forces along the _txis can conveniently

be computed for very elong;_ted ,lit\hips. It amy be suppc, eed thai the ¢oss section i,_ eireulnr,

Mthough it is ea._y to gener,lize the proceeding for _l more genevM shape of the cross section.

The. f(,il,m'ing invest igati(m rt,quii'es the kno\vledgo of the .pparen: :Mditional mass of i1

circular eyliz.h,r mo_ing in , two-(timensiaraal IIow. [ pr(,eeed to shin" that this api),rent

adrlitit,nal m:t:: is exavll\ O(lu:ll to tire nl_ss of the tluid displ'wed t) 3 the ey]inder. In the

two-dimon,-i_m:d tl_m" lhe %lhMor is represm_ted by a circle,

I.ot tile eenl,,r _ff Ibis circle et,ineide with the origin of n system of p_lar coordinates h' and

¢. mo\'ing with it, aml lel tire l'ndius of the circle be denoted by r. 'I'ten the velocity poten-

tim of the flow crealed by this circle moving in the direction 6=0 with the velocity v is

4,=vr _(eos, v_,)'l'_, For thi_ p,,tontial gives the radial velocity, companenta

dq' r:
3i? .... v]?_ cos _,

nnd nt the cir.umference of tlto circh, this veloeit, y heroines ,, cos 0. TIE+ is in facet tit(, no:'mnl

eomponen! of velo,'ity of :, ,'irele moving with the velocity v in the specil,'d direction.
The kinetic energy ,ff this fie'a" is now to be determitled In an:d,,;_y to ecLunlicm (ta).

this is done by integr'tti,lg al.ng the circumference (,r tlw ei,'ele the prodtet of ((i) the elements

,,f half the m:_s-,,f tllv tl,vi,l l,enetr:,tiIt,, tit,, circle (P ),, 2 cos @'rd,i, and lb)._:he value of the vehw-



]<J ltl';l't)ll'! ' NA'I.'I_,iNAI..',1 1, t:4, illY t'liM?,llTTl.;i_ 1,'_11; tEII(I.k " t]."]'IC.'4

il, y pol.enlbll :it. [hat, point (-v cos @.r). The integral is therdbrc

2 c°s_ Cvh _d¢

giving tile kinetic energy rbrv:;.

This sh<,ws thai ill fli,_t the area of itpl)areni uniss is equal ill _h' area of tile circle.

[ [ill[ now enabled Io I'elllrll [o llie airship.
if il vel'v chmgiiled 'lii'.diil:l i>; ]n Ir:in+lal<lry ]i<lt'iz,,nhll inlililn tlil'l_ti/I; air tdlicrv,'i.-e at i'+'-.t

llllll is _iiglillv ifitchcd, the cl,llli>oll,,l_.l i,f ilic lliillioli o( the all" il the dirccti_>n .f th- ,,.xi.- ,4 lh,.

-;hip can lit, n,,/h,ctcd. 'l'h,, air give_, way to tile ]>itssing ship l._.-[i,,x_irig iil'tltllll[ tile a\is ,,f tlw

ship: lud 1Lv flowing ai_,iig it. The air hwaled hi it verlical pilne lit rigllt aiigic... 1,, lhe nwli,>n

rcnlains in lhill I)lalh'. sil tlltil tile lu,,ti, m in ca<'ll plane can lie ous{tl.erl,d I_J lie two-dilncilsi,,u::l.

(hm-dder lilll, ,.ul.h :lt>llr_,xhnlltciv vei'li¢'a[ IilVt"[" _12air ill right ingles Icl the llxi_ whih: the sidl_

i.s [>:ls_iitg [lt>riz, inlailv lhruugil ii Tile .<llip dislllacos a circu[ir_ poi'ti-n id' this [ayur, add. this

port[tin ¢'htiil_;l,:- its l>_,.dti,m iilid its '-ize. Tii0 i'Iilc elr chlin_0,,f [iosilioil i,< ex}ire<--ed by llii

ap]larl,nl v,h,'ilv ,if thi,: circular ll-rti_,n, the ln_ltilm td" tile nirih tile vcrtical I,lvl,r is de_cril>cd

liv tilt' tw,,-dimen<ilbiial Ih,w ilr_lhit, ed llv a circle muvhlg x_ilh lie _iltil0 veh.:itv. The nltJlli011-

t,iill'l of" tliis llmv is 5g'pUe. where ,_,'is the area _d" the eircle, ill',[ 0 the vertical v,,hwit.v or llw.

circle, and d.r lilt' Ilii,'kn-,_;>: or the lllver. (lon-ider lh'sl the -dr:i/hi flight ,,t" ttie ship tllll[i,i" tlic

angle (if pitch ¢. The vei,citv _."ilf thu disi.htced eiri'tllar portbn ()[ the htver is tili'n t'(ill_,(.ali{

over tile wll,,le [i,n/th td" tile ship and {- ['siu 6, w[lert, ]'is the',el,,citv ,,t" lhe aii's!lip lib,n/ tlic

circle. Not -_o the iirt, il ,%'."it chanD.-_ il]tHlg the shilx At tt p_iricular layer it ch,'-ili_e-, with the

rate ill cllali_e per lillit lillll',
d ,__

I'cos +. d_

where z denote,, tile hmgitudinal t.ot rdiuate.

The.reforc tile nl_,llicli{tliil c'hlili_e_ wiih Lhe rnte i,f chalice

"_P (!'_-',!i"
I :_ siu 2¢d.r '

.

'l'hi._ gives , down force (ill the ship xvitii Ihe inagnitude

p .. dS
dF--- dz I,': _ siu 7_,{7,_ ........................... t'2:_;

Yexl, consider the .;hil I when turning, the angle ,dyaw heing ¢. The moluentliu_ in each l,x,.l
is agnin

vS m/.r

The trau.,.ver,-.e velocity _, is ll_,;v r,li'{nble: t<>i,, ll_ it, i-_ c,m_p,,-ed<,f the c_> slanl porli,>n l',ii_ 4,,

p/'oduccd by tile yaw, and <,f tht, variable p_,rti,m I "-z- cos _, wodueed by the turnhlg. .r=-. (J

repl'esenls lit[' ncr.dylmmic center. ]Icnec the rate ,_f elmn_p ,d the na,>iuenlum per u:/{i

[eil/t h is
d

sin .,,_qS'÷,J/" cos 'ix: •,1 "_ "_',1r ¢'<lz

_iving ri-,,, I_, the Iran_x'pr-<, f, wca per imil h,nglh

•, tl,X ._p /,, ,h%

or otherwi:;e written

( "'P 2¢ d,b' l.,p cost 5'+ I "'-p <:Ios +.z-_:_'_ t24)
dl":-d_ \ I "_ sill d-z " r r UZl ............
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The first term ._:r_.os with the n_,,mo:_t _,f tl.. -drip flying -drai,.:ill h.xving t_ pit,.h _. The

direc(i,,n ,_l" thJ- tvan:.vor-,' foro. i,; opposite at tho (wo ends. nnd _ves rise ta an un.qablo

MOil'at'tit. 'I'ho ,:hips iu pv._'ti('o hnw. the l_,_w fro'ned inward wh,m t]w5 fly in turla. Then (ho

transverse fro'or r(.preseniod I,v the ill'st leiTh of (24) is dirt,,'ted inwar_ near the bow and t>ut-
ward near ihe storn.

The ,LIIll (,f the -.e('_ttlt[ tl.IV.[ (hit's[ tOl'llX_ (,f (2.l) _ive,: no resultant force or Ilxc, llxclit. "l_'h_3

sect,lid lo|'nl ;tl,me ,_ ve_ n Irart_ver-_e fot'vo., })eillg in zaa:znitude and disL6t)uti_m ahm,sL equal '.o
e'.

the tr.|v;ver.;,, r._mlp<,r..nt _,t" Ill,,centrifugal f,,rce .t" the displaoed .Jr. }lit revev,-od. This latter

becomes eh._,r .t the t.vIindricM p_,rtimx ,d" th,' ship. where the two _th_r terms art. zert_. The

t'ron! l,art of the cvlindli<'al porli.H lllo'Vt's. |_JW;tl't[ file center of the tuI'll and the renv pall

Illo\'e._ .tv.'ay from it The inward IIi, HllOll(liltl (,f the flow has t,_ dmng'e int. an outward nm-

nlentum, r,,q_airi!'l,/ an (mr.ward ft,rco noting on the nil', and giving _e to an inward force

re.actillgthi_,('hang(',_Il_l_)rllolttilH).

The tldrd term .f" (2-1) r(,preset_t- fl,r_:es llltp.t_M e<mcentrated ne.r '&e two ends and timir

sum in maglfitud,, and dh'e('tion i-, equal Ib the tralls_,'ers(' cc, mponent of ohe centrifilgal f, bree of

the ,[i.,l,I_'.'_,d |dr. Th,,v nre directed mltward.

Ships ,rely lllt_,d,.r_ttolv ehmgated have l't.._llltt_lx! ft_rct.s _lld _itdi.qrilxvtic,n of them differing

from those givon by the furllllllfl-: (23) and (2-t). The assumption of the_hyer,_ remaining plane

is IIlt)l'O II(!C'UPIItt_ IlOIli' I. IIO nlid.ttIe _1" tho ship than near I.}m (.nds, and in mn_equenee the trans-

vel'_c l't_r(.(.._ two diminid_ed to . greater extent tat Lhe ends than near the ('vlin(irieul purt, v,l)el_

compared with tl., very eh,z_gat,'d hull-< Ill pr.ctiee, however, i_ will dten bc exact enough

t,_ ft,_.unte tim samo stml., of di,4rihuti_m f,,r each term and. to modify tie transverse f,,rce,_ by

constant, diminishing f:l(.t_,rs. "|'ha>.(, rachws tat'(,,h,gicnlly t. be oh.sen di_._.:l'ent f,,r the dill'erent

terms of (2-1). l,'m' lhe/ir:,t term r,,pre,_,,,ts the fl,rees giving the resultan.t IliOlllellt proportional

It, (k;-/,:3, :ind. hen,',, it is ro.,>m_able at, diminish tiff, term by muitiplyiig it, by ik;---/%), q'he

secured ,nd lhird aortas take earv of the Jlltull,..,ll(_l Of the ilir Jl,.,willg trn_svel'se with at vehMt.)-

pr,,jn_rti,,ual t_ the di:.tam:e ft',m the aer,_dynamic eeuter. The mm_'e;,t <,f inerti,_ _:f tile

monlelda re,llv c_,m,..; in. ,rid thcrcf_re it seem,_ rea_,,nal,h, t,> dimini4: t.hese tel'ms by the

fa(:tm" k', [he ratio _,C tI,_. npp,rent in,,m,.n_, (,f inertia to the .m_m_.elil or ine_:_iu oI" tit{.' displaced :.fir.

The tl'allsver_.e vOp_l}_,m.nt ,d' the ,:,._trirug.I (.r_ pt'_([tlcet[ by tilt' aks taken ahmg v, [tit the

ship dill., t(., its It,llg]ludizlnl mass is neglected. Its IllagniLll(h: is small: tar ,.[i.-,tribution i,, dis-

cussed m rereron,,e (a) nnd i,,,.v 1)e (,rail.ted in this tve_Li.*(_.

The, entire transverse force on an ai!_hip, turning under an _mgle of _aw with the veiooity

I' ..lid a radius r, is, acem'ding to th(; precediug discussion,

dl =,& (k,-lql t7: sin 2_b vJ¢'V-P-S eos¢+k'l _'°'zd3'' r -r- dz _'o_,_ ........... (25)

This oxpresA(m doe;, u,,t eontaiH ot' course the air forces on the lins.

7. In th,, first two paris of tiffs paper I discussed ttle dvm, mical l'oreas c}f bodies moving

a[o_ G a straight. ,_r ('re'rod p.th in _ perfect fluid. In particul,r I cm_siderad the, case of a very

elongated body an,I as ,t -.'pecial ease a_aill .no bou.,_dml by a surface or" r*_mluUon.

"['lte hulls ,f m.,det'n l'igid airships lit'e, m-stly sut'faees of revolution rm[ rather elo;_g_ted
ones, too. The rati,_ ,,f the Ien:-th t_> the gre;ttcst ,.liameter varies troth ,} to 10. Wit, h this

elongation, p,rti,'ul,rly if X|',,:tter th,n s;, tile relati,m_ vnlid r,,r infinite oh,.,lgation require

o:fly a small _',,rr,,_:thm, ,ml S a low p,.r _:ent, whM_ c:m be estimated from "flie case of ellipsoids

fur which tlle for,.,., aro kllt,Wll fl,r ,n 3 c]o:_gafirm. [L i._ IvlJo (.hat the a,ansrerse forces are

not only in<'rease, i oc _h?,'r,,a.qe,1 uttiformly, lmf, :1[-',} Ill,'character of their di-:_.ributiou is sIig}:lly

changed. But lifts can be negh',.ted flu" most practical at>plicalim_s , an_; espocially so since

there are o, tllcl' differences Between lhooretica[ and actual pherlolneruL

Serious difl'ere|tves 'we implied hy the assump(iou Umt, the .dr is a peL!7_et quid. It. is not,

rind as _ (:onsequen,'e the ah' forces (Io not agree with those iu a po,'feeL _thhl. The resulting

,,h" force by no mo:_t_s givos rise 1o , re.._ulling l:l_mlent ,re]y; it is well known tltaL ,,n airship
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What i'_ l)erlml_,_ ,n(m" imp_)rt,,nt, they pr,)(luee ,1 kind of indue,,t, ,lownw,tsh, (li,,_ini:_l,.hv...the

effe('t]ve nn_h, .f attack. :_n,[llence t1_e ,m-_t:dd,,rot)men',.
"l'hi_ refcrs t_ ,_irship hulls with,;ut fins, which are of 11,, pr_:tieal htt,.resI. .\h',!:;p hull:_

with fins fllll:-t, l)e considered in., different w%,. The fitly; fire ,_kind ,)f win_: ,_u,: the [h)w
,round them, if they are in,..,twd, is fat" from being even ,{ppr, c_hl:,tely irr,_t,tti,;nal ;,,,,I Ili,.ir

lift i_ tied. zero. Tire eh'('uh_lion of the h'trJine,I fins is nnt zern: '_'t] "14they nee ,xrrang,,d i, lh('

rear of the ship, the vevtie,,l flow induced by the titan in front nf th,,m nr,,un,[ the hull i_ ,lir,.vlt4t
Ul)w_ml if the ship is nosed up. 'lhtrefore the effective angle (i!_ttaek i'; inerea-'.,'d, :rod [he
infh_en¢'e ,f the lift. of tit(, hull its(dr is (c.unteraetcd. F,,r this rt'_s-n it, is to 1,, (,.xp,-,'te,I IS_,,{
the Ir, nsver-_e forces of tells with flus in ale ,_,_,,'eeh,,tt.er with t.h;.;o i,: a perfe(-I I[,ih{ 5,, u:,
m-(lel frOStSto 1)e discussed now confirm this.
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The.-:e lefts give the lift ,nd the mometit with respect to the eent.,r of volume l_t different

,lugles of attnck nttd with t-re different size# (ff fins. If one conlput(._ the difference, between

the el;served tnoment nnd the expected moment, of the hull ,lone, _ml divides the difference

by the observed lift,, the ql)parent center of pressure (4 01e lift of the fhs re.qtlts. If tile center

of pressure is situntvd near the middle of the fins, lind it is. it can beinf,,rred that tile ,'_ctmll

lhm" of tile nit ._round t]w hull is not very difrerent_ from th.e llow of a lerfeet` fluid. It, f_qiows,

then, th,tl the, distribution _)f the transverse forces in :_ 1)t;deet fluid girts .: good :_ppr,_xim_d, ion

,ff the :ml.ual _listrilmtion. :rod not only for the ea.'_e o1, struight flight mdm" e(msider,ltion, but
,,1,-,,) if the ship m,wes :dtm_ a circular lmth.

The model tests whiell I 1)roeeed to use were made by Georg Ii'uh,rnann in the old Goof

tin,on wind t,mnel nn_l published in the Zeitsehrift fi'tr l'lugteehltik ,nd .Motorluftschiff_dirt,

1!)10. The model, repre-:ented in b'iguro 3, had a length of 1,14,5 nillimeters, _x maximum

diameter of Ic,S millimeters, and a volume of 0.01S2 cubic nleter. Two sets of fins were

ttt|:te]lOd It.) the hull. one :lfter another; the sin:tiler fins were reet,ngula_; 6.,5 by 13 centimeters,

and l]'te larger roles, s by 1,5 centimeters. (\:olume?/a=0.069 squnre hi'tier. In l;'igul'e 3 both

fins 'u'e shown. The diagram hi Figure 2, gives both the observed lift, _ml_t.he moment expressed

by means of ,bsoluto eoeflicients. They are reduced to t.he re,it o1, :the dynamield pressure,

and _dso the moment is reduced to the unit o1, the volunm, "rod the lift retire unit (,f (volume) :/'

- i I t
i .'. i l I Finsof,,,od_*/

- -. ........ _ ....... _={

....... .__'---------o- ........ O* 2 ° 4 ° Angle_5*,2"of_tto.cktit's° 1-_* Id° 16" '_*

l:u_. '_.--Airship It,o,h,1. 'FIG. 4.--Center of pr_srro of fit, foree_.

Diagram Figure 4 shows tile position o1, tlm center of pressure computed as describ_d

before. The two horiz.nt,d lines represent the leading and the traililg etad o1, the fins. It

al)penrs /hat for both sizes of the Ibis the curves nearly _tgree, partietllitr[y 1"o1"gre_:ter tingles

of attack at. whMl the tests are more aceurnte. The center of presslre is situated at :_bout

40 pe," cent. of the chord of the fins. I conclude from this th, t the tleory of a perfect, tluid

gives a good indication of tile ,mtual distribution of the t,r,msverse grees. In view of t`he

small seade of the tn_,del, the agreement may be even better with _mtudiair._hips.

III. SOME PRACTICAL CONCLUSIONS.

S. "l'ht, last ex,xmin._ti,n seertl_ to indielde thai the _tvlU_ll tlnst_l.llt, mt,nlent of tile ]lUll

in ,if agree-, re'arty witlt 1}lul ill a perfect fluid .X',w the actual ,irship_with fins _m? statically

un_talde (ns llm word is goner,lly understood, not aerostatiettlly of eou'se)., but not much so,

and for the pt'e:ellt general diseussi,m it can 1,e assumed tirol, tit,' unst'ble moment of the hull
is nearly neut.nllized hv the transverse force of lhe fins. I ]t,l.ve, s]m,,.ii that this unst_ble

moment i_ .lf-= (v.lume) I/:.-/,.,) 1'2_ sin 2¢, whet0 {k,- /,-,) den,,tos tile fnctor ,_f correcticm

due t,, finite ol_mgali,m, tts magnitude is discussed h_ the first pnrt ,f'lllis rmper, ih, nee tiw

tra,.nsvt..,'._c fur,'e t_f the fills llltlst'bo ;_.})out )[. where a dellt_tes the distan,e '[_el'_veoll the gin and
/7

the ('entcv ,.ff gra'_ it. v (,f tht. ship. Then the elreetive ),re,; of the fins--tim is. the f_rea of a wing
,,ivin,, thv _,_me lift in _ two-dimensional flow .... folhm's:

t?/,,r
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"l',l-:ing into a¢ctmnt the ..,pan b of the fins--th,l is, the dist_m,e of two utm(,_t points of _. pair
of fins--the etfectivc fin are_ S must be

I -4-2 b_:P,) x ----
"tr

"['his t_rea ,_,', }mwover, is greaLer t,hltn t.hc actu,d lit' art;., lt.-_ e:'u:t size is lllit'er[aill, })tit ii. [:l.l'

better al)i_roxintation than the lin ,m_a is obt_i;:cd 5y t,king, tl,,. pI,:jectiml ,)f tl:e fills and tl_e

plu'( o( the hull bet, wren them. 'Ibis is pllr(ictt/arl 3" {rue if (ia, diameter ,)f th,; hull D(_t.ue_,rt
the fins is small.

if the ends ()f two _lirslLips are simihtr, it follows that the 'tii _)rc'l niJist t,e pr.por_i+,nal

t(, (ks-l:_)(volunle)',I. For rather (,long:tted airships (k:--k_il is ,llmost oqmil to 1 and con-

stant, and for such ships thereh,rc it follows that tlte fin area must h,_ proporti_,n:A t,_ (volta:let/a,

or, less exactly, io the greal<est .ross scott(m, rnther than to (vOllll:(.,.) :t:_. Colllparaiivelv short

, ships, however, have a filet,or (k:- t h) rather variable, and with t lmn tile fin ,m,a is there ne_,rly
proportional to (volume,) :z'_.

Thi., refers to (.ireuhlr section airships. Hulls with e!lil)(i,,_l' secthm require gre:_tc" tlns

parallel to the greater plan view. If the greater axi._ of the t.llil)s_ is horizontal, sueit shills _tn;

sul@('ted to the silnle l)ending lliOlileIliS ftir equal lift and size but the sceti,)_, :nodulus is

sin,tiler. ,l)),l )),.m'_, llle sb',,.,;s,,s _re incJ'c,)scd, 'l'h_,)" requin.< l)owe:er, a smMleJ" :,)@e (,f nltnck

for the slune lift.. "l'h(, r(,verse h()Ids truc f()r ellipti('M s(,cliona wiill the grea(er ax('s; vertical.

9. If the airshil_ files along li circular path, tlie ceniril'ug_ll f,)l'_c n,ust, lie neulralized t)y the

.transverse force of tit(' [in, for onl.y the tin gives it consideralih, risult.anl transverse' fort.e. :_>t.

"the same limr t]lc fin is supposed nearly to i_eutralize the ,m._)_i_h; re,}mont. I ha.re shown

now thai, the anguhir volt)oily, though indeed t)ro(hu'ing ,'1consi,ler_!_le elmnge <)f the distril)utic, li
of the transverse fol<.(_s, )tnd hence (if the Itch(ling illi),lieill.,,, tlo,;>b ill.)/ {.2,i','e rise I_) i! ;',,.,tlltiil::_

fo.rc0 oi" lilOlilTflt. [[OliCe I die slit I) flying aiOllg t]tO vircullir i,;,.th lillft i)e inclined t)y _.J;_,..am.:

tingle, of yaw as if the t.rllliSVel'Se force is pr ,tl,:ced (luring li rcctiliit,-ff flight by l_itc.!iin{c. Fr(),,l

llie +wlulltion of the transverse f()rce

\.'ol(k_ - k,) l'*; ._in 24,V_
Vol _ ......................

it folh)ws that the angle is apr)roxinlutcly

a I.

¢ ~-); k:--kl

This exl)ri;ssi()n in turn can 1)e used for the deternlinalion ()f the,listrihuiion l)f (he (r:mr_vei's,:,

foree_ due to lhe in(,linllii(/n. The resllltanl, tFllilsvel'se f()l'ef' is produced 1)3 the ii,clirmtioi_

Of t]le i'ins. 'l']lt! rotation ()f the rudder }ills ('hieflv the i)url',iis:l., _)[ lieutritlizing the (lalul)irlg
lrioll'len!, t)f the fills t.h(,lll_i,l_t,s.

_'l'_lnl the last relalioli, .-,tili_l{tll(('.(l ill ,,llU:lli()il (25), 5)i/mvs i_)l)l'oxlnlllleiy the ({i/tJ'71)llli(,ll

of the trans'¢erse i'ore(,_ due to tit(; inclination (if l)iteh, ('on,dsiii,.( (,f

dS 1,_ n 2,.,
.... 2--r az ....................... (:;'67dx

This is only lille part ill the li'ltIisvoFso forc!,s. Th(, oilier [)ii1"1 i,_ due tit l}lr ttli71111.11" vel.ci_y;
it is apl)roximilte.ly

k ,2z
dS

1''_ Pd.r 4. k' l'!PSd* f27)

The tirst t(qun in (27) togl, th,,r witli (2(;) gives it pitrf (if" fit(' 7),niling lllOiilell{. Tile :<ecoml

term in (27). hiix'ii'l 7 nlilinlv ii direvlion ()t>posite It) tile tii'st lilt+, trill] if) Ihe 1.01_Irifiig<,ll f().,,,(,,

is rihni)_t neutrllliz(,d 1)v lh0 centrJfugM rorce,_ of the ..-]Ill> nml givc_ mhliti()nnl t)rn(lin.,.., lii(Hl/,,l;tS

lint very ,.()n.,i(tl>ralllo rilher. It ii])lie;ll'._ , then. t]illt _hr ship _.xl,.rim<'o_ smi,lll,r 1)<,n,l;n;., iil_)Ic, cl_l_

wht:n rrellting iiFi :iir f(irec, t).v }'tilt iippo,_iti, to tllo centrifugal l'o:',!l l)_:il1 ',vilell c'reali'.lg iiie ::lllue
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trimsv_rs,, f,,rt't, during :t sl ntight llighl },y pitch. Fro" ships with dliptie,_ sections this c,,n not

be snid so g_.n,,r_tllv. The see_md term in {__) will then les._ perfectly neu_rl,lize the cenlrifugal
force, if tha! enn h(: s-dd at nil, and the t_ending m_m',ents heeome gre,ater ht most. "lises.

10..Xl_,st airship l,ilot_ are of the opinion tlml, severe aorod3"mmlie /orees act. ,,n uirship,_

llying in bmnp.v weuther. ._.n exact c.omlmtation ,,f the mngnitude of these forces is m,t p,_ssihle,

as tho_ &,pvnd ,m the ,4,'ength and sh_Lpe ,J the gusts and as prolmbly m_ two exactly eqm<l

gusts ¢,eeur. Ncv(rtheh, ss. it is w_,rth while to reflect vn this l)hen, mlenon and to get ,cqu,dnted
with i.h(. underl.vhl a general me,'htmi,'al i',rinciples, h will he ll,_ssil,h , I_._:_.eiermim, lmw the

m_,gnitude ,,f tim vd,,(.iiv of fligl,t influence,, thv air r,,r<'es ,rue t,, gus.l,5. It even 1)econles

l)oSsiblc to estimate the m_lgnitmh, of the ,dr forces to l,e expo.eted, t.hau_ this esl.imatit,n will

necessarily be s_,inewlmt vagm:_, due to igmmmce of the gust, s.

The ,firship ie _upp,_se,[ to fly not tl',i'tmgh still it|l" but through ,m _atnmsphere the different
portions ,if which h,:ve vel,,cit.i,,s relative to each other. This i,; the c'ius_, of the air fm'c0s in

bUml)y weuther, the airddp e,,ming in emffacl with portions of nit havitg different velocities.

IIenee, the e_,nligurati,,n ,,f the uir flow art,trill[ ench portion of tile rdr.-hip is changing as it
ltIWIIV_ tilt', iv' ('olll'ornl t- the eh,tngin,,.., relative velocit 3 between tilt: porii,:,n of the nirship _md

the SUl'l'Ollllf[.illg air. A ehallge ,,f the air I',-'et,s produced is the eon_,eql_,nce.

Even nn airship ut rest eXl)t¢iences nerodynamieal fl,re,,_ in hu,npy we._tflter, as the _dr nmves

tuwl/rd it. This is very lmm,nme:d near the ground where the slmpe r,f the surrounding

(,hjects gives rise to riolent l,)enl mt,ti_,ns ,,f tit,, air. The pih,t, lutvo t}_e impression lhat at

gl'cat,,r aliit,,des _m airship nt. rest does not experience n,)ti(:cal)le air ftn'ee,_ in Immpy weather.

"['his is l)lausil_lc. The hull i-_ struck hv portions (ff .tir with n,l:llively smu_ velocity, atld as the

forces vary as the square _,f lh,: veh_eitv they can not, heeome large.

it, will readily he ,_een that the moving air_.hip can m,t experience eo:_sidernlde ,th" forces

if t,he di,,turbing air vel:mitv is in the diI'0etitm of llight. Only a e, mll)nriiivdy small pt,,'tion
of the ,xir can ,nov,:.with n ht,vizont;d velocity relative t,_ the surf<minting _dr and tiffs velocity

c,m only be sn:,dl. The efre,..t (..monly l,e.n ,ur r,,reo parallel t,_t.he ,ix|, of the ship which is
nc, t. likely to el'e,lte hu'ge .-truetura] st:'csscs.

There,'cmain.,., then, a._ t,he main problem the Ifi,'ship in mr,thin emniig in contact, with air

moving in a trnlisver_e dh'eetion relative, to the air surrollndillg it. n moment befm'c. The

stresse.s pr,_duced nre severer if n htrger p,_rtion of air move.- with thnl re.t,,tive veh,eitv, it, is

therefl,re h,gic,,I t,, c_msider p,>rthms t,f air large cmnpared with the dilm_eter of the airship"

smaller gusts lm,duce smalh:r nit" f,,rccs. It i... now e-,sential 1,o rtmlize thitt their e[revb is t,:,,tctl$

the same as il' the nuglc of nttltcq< ,ff Ii lmrtion of the airship ix eh,tnged. The air force acting

on elicit lnirti,m ,,f the ,drship d,,l>,,nds till the relative veh,{'ity lleiwecn this ll,,rtion .,ind the

Slll'i'lilliidill_ ,dr. .t rehtliv(, tl'all-_ver<0 v,.h,citv , riiclin>, lilt vfrl,,.live illi_le fir att.".ck ,,1" that

[i,n'ti,,n ,',-ltll/] t,i _/,. I, wht, re l" ,[Clhdc- tilt' _-ehlcitv ,,f [[ighl. Tin' ail'_-lti']l tllt, refi,rt, ix ll<,w tl,

he considered :_ ]lnvili,,.., it vliriltt>[c ,,Ir<,<.ti,-_,llttTit' tlf littil('l': lll'lli_ its axis. The rlla_nittttle ,>f

tile suliorpf,_cd itng[,._ ,,f hillock i_,<;l',whore i_ gentq'nlly i-_ variat)le. 'Flit, iir force produced nl

each p,,rli,,n ,,f the llir<hi[> b. Ihe Silln_ it.: the iiir flir('c n| Ihal ln,i'licm if the enlire airship wouhl

have l.lml plil'{iclliar llllglc ,,f iitlllck.

The inltgltitudo i,f the nir f,,i'ce dellend_ ,in llie c_>nieitv of the aii'<liil_ l_,l'tion as described in

sc,c'tion 2. The f,,rce is [m,i,,irtl,lnni t,> the angle ,,f atlaek iilid I_,l tile SrlU._'l.. _,["t|tc velocity ,,f
llight. [11 this on-q,, h,lv<cvcr, {lie Silllel'll,l.-ed pitrl _,f the ltlib_le ,if ulAilck wries inver,_elv its I!_e

v,,h>cilv ,,1" |light. It re_.illt-a, tlwn,_<hut tile air forces ell.'atc,[ hv _llst.- nre,'<ir,.clly [)r,,iJ<,rtl,.Jlinl

t,, tho veh,cilv ,,1' lligh,. Imh'vd, its | hlivl, sh,twn, they lift, prt,porti_,nld i,<l lhe ln'Oduct t_f tilt
vehtcitv of llighl and lhe ll'ititsV('l'se yds,'it3 rt.lativv I,, tin' .qn'r, lundlnb{ :l;ir.

._. SlieCi;ll illtd sinlph, t'a-q, to t',illsitlt;r [_r it el,,_t,r hivestib,jiti,in is lilt, prc>hlt.rn <,f,hi ,li,'sl,ip

inunei'_iilg fi'<_nt air nt re-.l {llt_ ah" wilh ('t>n-atalit lrlinsvers,., h,,rizililtn] ,ar verlicul v,.h,dt.v.
The ln,t'Li,m ,if" lilt' _-}liil ii[l'PilliV hninersed has till illicit, ill iiltacli ill(TCll'_t'd })V the con.-.l'lli[

iinl,iilnl ,,/I. I']iilter il ('nil tie nssliiiled lhltl lly ,_llerillion of the controls the llirsllip keel> i_s

I'lllll"aO t:'l', belt,'r, tile illiilllill ill lilt itii'shill with fixed contr<,Is ilild lh,' ItJl" f, ir('t,.a. Iti"l. llll_ I,II il

Ilndi,ll.ht,sp. Cl>litlil i,mS olin tie invostig,it,.d. As the !ills COIlll? llIider the inll_e.nce of |lie incrcllsed
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} l
Length KL (lon_i- '. K, (traxts-

(diameters). t_idlna!), verse).

............... I ......

I 0._}0 , fl. :.v_f

I.,'_ .31)5 ) .G2I
2.00 , _ ; .702"
2.51 .156 [ ,7t;3
2.99 .122 .._3

Iz'an.:versevel,,t'itv later th_ln the ot}wr pnrt_, the airship is. _)s il fore, un_t,lbh* durin_ the time
of ilu:u,u'sing iti{,, the air ,)f greater tt',_nsverse vehmity and lhe rn,tim.1 of the nir..hip a,..,grav_)i(>,<
the "_t l'i_.'-.< e._.

I'n spite of this the aetusl st res.<_eswill be. of the same ran,,_:e,f maanil, ude as if +.lie airship
flies tinder an angh; of p{tch of t.he magnitude u/l s, for in generd the. ehan<ge h'olu slaal!er t,_
grealer ti'aIi-_vel'_O, veil)vii,3' will not, t)e so sud,len and complete_i.,_ supposed ili t]le ]l_st. pr_ia-
gr,iph. It is neeessln" 3"c]ih;lly to ineestiaate tllc ease of ,, verl.icaltransverse relative velocity ,_,
for the s(;verest e,mdithm for the airs]tip is n considernlfl(, ,ingle 0fpi,,]l, imd ii verlical veh_cil>
u increases these stre._ses. }leuce i[r wmlh] tW extremely impo'_nnt to know the nlnxi,'nui)t

va]tle Of this vertical velocity. The veh)cit,y in question is l'i.of tie greatest veriieal velocity e,f

portion-- of the atnmsphere occurring, hut differvnees of this vel,_:.ity within distnuees smaller
thnn t,he lengLh o1" the airship. It, is very difficult to make a Dsitive st,_teme,_t, as to this
velocity, hut it. is neees._ary t,o conceive an idet_ of its magnitude,subject, to a correction after
t.he que._tion is studied more closely. Studying the metem'oh,gied papers in the reports of the
Brlt.isll Advisory Cmnmittee for Aeronautics, chiefly (,.hose of 1910--10 nlid 1912-13, [ should
vent.an: to consith¢ a sud,len dlsnge of the vortical vehmity 1)) 2 n .'see. (0..5 ft../seo.) as coming

near to whaf_ to expect in very bumpy wcatlmr. ']'lie n_aximunlclynsnlic lir_ or an airship is
produced al_ lmr vehmity, and is (;he same .<is if produced tit higl; vehmity al_ _ ¢omp,irat}vel$"
low angle of attack, not more than 5°. If the highest veloeity{_. 30 m./see. (67 mi./hr.), the

angle of alataek ?tl 17, repeatJedlv meal, toned before, would be 5gax.==a.so. This is a little• 30

snuffler than 5<', l)ut. l.he assumpthm for u is rat,her vague, lt. canonly t)e said thr, t t'he stresses
due to gusts are of the shine range of magnit.ude ns the stre._ses dm to pitch, hut. they lu'o prol,-

ably not. larger.
A melahod for keeping the stresses down in bumpy weatheri.} l)y slowir_g (lowli the vpeed

of the airship. This is n practice eomnmn among experienced ,if'ship pilo+_s. This pr()ced_l:',',
is particularly recommended if the airship is developing large dynmfic lift, posith'e or _)c_ative.
as then the stresses are already large.

: i
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Poaltivedirectionsof axes _ud angles (forcess,nd moments) are shown _Iyarrows.

,4.xis.
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Normal ........... Z
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to axis)
syw',ol.

X

Moment about, axis. I " Anglo. ! Velocities.
I
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direc- I
tion. tmn.
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Designa- I Sym-

tion. [ bol.
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rolling ..... [ L
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Z-.---_XI pitch ....
It ya,v ...
I

I l,inear

Sym- I ft'ompo-
be!. [u, nt along

2_7
'P u

,p -_,

Angular.

Absolutecocfrw!cntsofmoment

l)i,tmc ter, D
Pitd_ (a) Aerodynamic pitch) p,

(b) ]_fl'cctive pitch, po
(c) Mean geometric pitch, Ya

(d) Virtual l)itch, l ),

(c) Standard pitch, p,

l>i_ch ratio, l_/, r)

lnfb,w velocity, IT'
S1;l,st,'c,m velocity, l",

1 IP= 76.04 lq;, m/see. = 550 lb. ft/see.
1 kg. m/see. =0.01315 IP
I n:i/hr. =0.4470:t m/scc.
1 m/,_es.=2.230_,_3 nil/hr.

Angle of set c,f control surfrtce (relatire to
neutral position), a. (_ldicate suff_:co by

proper subscript.)

- 4. PROPELLER SYMBOLS,

Thrust, T
Torque, Q
Power, P

(If ',coeflicients '_ are ihtroduced all units
used must bc com'istmt.)

Eflic;ency n = T V /I'
Rcvolution:_ per se%2, ; p'::" rain., N

Lf[ectlve helix au_le .l'=' -'- "'" 7a)Tii

5. NUMERICAL RELATIONS.

1 lb. = o.,,5as'J ,_;.

1 l,g. =2.20462 lb.
1 mi. = 100.q.?5 m. =_2SC ft.
1 m. _-o.2808,, ft.


